Abstract. The addition of layered silicates can significantly affect the phase behaviour of both immiscible thermoplastic blends and partially miscible thermoset systems that undergo reaction-induced phase separation (RIPS) during curing. This study focuses on the phase behaviour of polycaprolactone (PCL)/epoxy in the presence of organically modified montmorillonite (oMMT). Due to the high dynamic asymmetry caused by the differences in the molecular weights and viscosities of the PCL and the uncured epoxy, the critical point is localised at low PCL concentrations, as indicated by the pseudophase diagram. The addition of oMMT to the system led to the marked shift of the critical point towards higher concentrations of PCL, with an increase in the oMMT content occurring as a consequence of the preferential localisation of the clay in the epoxy phase, making this phase more dynamically slow. Significant changes in morphology, including phase inversion of the PCL/epoxy systems caused by the presence of oMMT, were recorded for PCL concentrations ranging from 10 to 30%.
Introduction
Epoxies are often used in combination with liquid rubbers or thermoplastic polymers [1] [2] [3] [4] to reduce their brittleness. An effective two phase structure [5] can be obtained by the reaction-induced phase separation (RIPS) of the initially dissolved polymeric modifiers. Recently it was found that behaviour of multicomponent polymer systems can be significantly altered by using nanofillers. The presence of nanofillers in polymeric mixtures can affect the thermodynamics of its phase behaviour, the kinetics of phase separation, and also the morphology formed in the two-phase region [6] [7] [8] [9] [10] [11] [12] [13] [14] . Bousmina et al [15, 16] found in PS/PVME blend that organoclay changed the mechanism of phase separation from spinodal decomposition to nucleation and growth and affected the final morphology obtained after phase segregation. Organoclay represents an efficient active interfacial agent that enlarges the miscibility window and reduces the size of PS droplets. Theoretical study of Balazs et al. [17] showed that preferential wetting of nanofiller by one of the polymers may slow down the kinetics of spinodal decomposition. As a result, nanoparticle addition to binary mixtures could decrease the rate of domain growth and leads to a pinning effect on interface motions. The fact that the addition of nanoparticles could diminish the diffusion of polymeric chains and retard the phase separation was confirmed experimentally [10, 12] . The effect of the nanofiller on the phase behaviour can be controlled by altering the polymer clay affinity using various clay modifications, leading to the preferential wetting of one component of the blend [18] .
In the case of partially miscible thermoset systems, the clay influences the RIPS not only through a nucleating effect [19] combined with hindering the mass transport of the system but also by affecting the cure kinetics [20, 21] . The final phase separated morphology of the thermoplastic/epoxy mixture is also determined by its composition and cure temperature. The classic example of a thermoplasticthermosetting mixture is an epoxy alloy, in which the toughness has been modified through blending with high performance thermoplastics, such as poly (ether imide) (PEI), poly(ether sulphone) (PES), poly (phenylene ether) (PPE), polysulphone, poly(ether ketone) (PEK) and others. It has been reported that significant increase in toughness is [22] achieved only when the thermoplastics form a continuous phase in the mixture. Due to the importance of RIPS in determining the structure type and dimensions, including the composition of the respective phases, efforts to control the phase behaviour and morphology have attracted considerable interest. Curing of the epoxy-monomer containing a dissolved polymeric modifier leads to phase separation. This occurs depending on the composition of the reaction mixtures, either by a spinodal (SD) or a nucleation and growth (NG) mechanism. The resulting morphology is determined by the thermodynamic conditions of the phase separation [23] and by the viscoelastic characteristics of the separating phases [24] [25] [26] [27] . These factors are particularly important in thermoplastic/epoxy mixtures that exhibit significant dynamical asymmetry due to large differences in the molecular weights and glass transition temperatures (T g ) of the two components [27] . Studies of the mechanisms of phase separation have revealed that the majority of polymer blends do not meet the implicit assumptions contained in the model for the phase separation of low-molecular weight liquid mixtures [25] , which states that the viscoelastic properties of the components are similar to each other (i.e., symmetrical). As a general rule, the viscoelastic properties of the constituent polymer blends vary significantly due to differences in the size of the molecules and their flexibility. These systems are referred to as dynamically asymmetric, and their phase separation is considered viscoelastic phase-separation (VPS) [25] . It is important to note that the initiation of phase separation crucially depends on thermodynamic conditions. The viscoelastic properties of the components influence the phase separation mechanism once the system reaches thermodynamic instability. Tanaka's comprehensive model analysing the phase separation of binary polymeric mixtures [25] has defined the dynamic area under binodal in which the separation mechanism is controlled by bulk and shear stress. This regime is defined by the dynamic spinodal curve, in which the maximum temperature is lower than the upper critical solution temperature. In the concentration range in which the ratio of the components is close to 1, phase inversion occurs. As a result, the epoxy-rich phase tends to interfere even at the very early stages of SD due to its low viscosity and/or poor fluid strength. The minority phase, namely the thermoplastic-rich phase, is continuous due to its strengthened viscoelasticity during phase separation. In our recent work [28, 29] we showed that nanoclay can significantly affect the behaviour of epoxy/ PCL systems containing 5-30% PCL. The radical morphological transformations consisting of phase inversion for 20% PCL content due to increasing clay content led to a substantial improvement of the mechanical behaviour. The main reason for this phenomenon was a shift in the dynamic asymmetry caused by the localization of clay inside the epoxy phase, supporting its continuity. The results indicate the potential of clay to tailor the structure and properties of RIPS systems with significant dynamic asymmetry. The aim of this study was to evaluate the influence of nanofillers on the phase separation behaviour represented by pseudophase diagrams in the whole concentration range of epoxy/PCL system and coresponding final morphology of nanocomposites.
Experimental 2.1. Materials
Organically modified montmorillonite Cloisite C30B (C30) with methyl tallow bis(2-hydroxyethyl) quaternary ammonium chloride was obtained from Southern Clay Products, Inc. (Gonzales, Texas, USA). Polycaprolactone (PCL) m.w. 40 000 was obtained from Perstorp (Perstorp, Sweden). The diglycidyl ether of bisphenol A (DGEBA)-based epoxy resin, Epilox A19-02 (epoxy equivalent weight 185-200 g, m.w. 396 g/mol), was purchased from Leuna-Harze GmbH (Leuna, Germany), and the amine hardener diaminodiphenyl sulphone (DDS) was purchased from Aldrich (St. Louis, Missouri, USA).
Preparation of blends and related nanocomposites
The mixtures of epoxy, curing agent, PCL and oMMT were prepared by dissolving the components in tetrahydrofuran for 12 hours. The concentration of solution prepared was approximately 10%. The solvent was removed under vacuum at room temperature for 48 hours. Thin layer samples for optical microscopy were prepared by insertion of small piece of material between two round glass plates (12 mm in diameter) and subsequent compression at 120°C to achieve thin layer (~50 !m).
Cloud point evaluation and
morphological observations The cloud point time was evaluated by the in situ optical microscopy observation of a thin layer (~50 !m) of sample sandwiched between two glass slides at 170°C. A Linkam hot stage was used to heat the samples. In situ optical microscopy was also used for morphological observations. Pseudophase diagrams were constructed using conversion at the time of cloud point evaluated by FTIR measurement of samples heated at 170°C and quenched after reaching of cloud point time. Due to extremely slow curing rate of DDS at ambient temperature, the error can be neglected.
Chemorheological measurements
Chemorheological experiments were conducted using an ARES apparatus (Rheometric Scientific, Piscataway, NJ). The evolution of the dynamic viscosity and tan ! during curing at 170°C were conducted in the parallel-plate geometry using an oscillatory shear deformation at a frequency of 6.28 rad/s (1 Hz) (estimated variation coefficient of viscosity at gel point is 5%). Gelation time evaluation was based on tan !, since gelation occurs at approximately tan ! = 1, where loss modulus is equal to storage modulus [30] .
3. Results and discussion 3.1. Effect of clay on the curing reaction Chemorheological measurements were performed to evaluate the effect of clay on the viscosity and cure kinetics of the composites. Figure 1 illustrates the significant shortening of the gelation time (tan ! = 1 [30] ) and corresponding increase in reaction rate with increasing clay concentration, which has been observed previously elsewhere [20, 21, 31, 32] . The increased reaction rate can be attributed to the catalytic activity of the ternary ammonium salt contained in the organic clay modifier on the epoxy amine reaction [33] . This effect is more pronounced with increasing oMMT content [31, 32] . The quarternary ammonium salt also initiates the self-polymerisation of epoxy groups at elevated temperatures [34] , which may contribute to the increase in the epoxy conversion rate. This hypothesis was confirmed by the 10% conversion observed by IR measurement of the blank sample, which contained the epoxy resin with added clay but no curing agent. However, there is no evidence that the PCL can participate in the reaction with epoxy, as demonstrated by the IR-based evaluation of the conversion of samples composed of epoxy and PCL only. Therefore, the PCL only affects the reaction rate through its contribution to the dilution of the reaction components, which results in prolonged reaction times. Figure 1 also reveals peaks in tan ! corresponding to the onset of phase separation [35] . These peaks are in general agreement with the cloud point determined by in situ optical microscopy. Chemorheological measurements provided further evidence of the effect of clay on the viscosity (Figure 2) . The slight increase of viscosity at 2000 s for sample without oMMT coresponds obviously with phase separation [36] . The absence of this fluctuation for the sample containing oMMT most probably indicates the affecting of phase separation process by relative high content (3%) of oMMT. 
Effect of clay on pseudophase diagrams
The phase diagrams of the PCL/epoxy systems (Figures 3 and 4) reveal a minimum (critical point, CP) located at approximately 10% PCL content. This behaviour arises due to the dynamic asymmetry between the components due to their differences in molecular weight; in cases in which the two components exhibit similar molar masses, the critical point is CP = 0.5 and the phase diagram is symmetrical. The addition of oMMT led to a shift of the CP to higher concentrations of PCL. Due to the preferential concentration of the nanofillers with a high molar mass in the epoxy phase (documented by TEM in ref. [28] , not shown), an increase in the apparent molar mass of the epoxy phase and a change in the effective (medium) interaction parameter occurred. As a result, the CP of the phase diagram shifted with increasing filler content to higher PCL content, in agreement with the Ginzburg model calculations [37] . From both the time-and conversion-based phase diagrams in Figures 3 and 4 , it is evident that the time needed to achieve phase separation at a given curing temperature at high PCL concentrations decreased sharply with increasing filler content and that the conversion approached 100%. This behaviour was influenced by several factors, including curing temperature. By temperature jump from room temperature to the curing temperature the studied mixture, gets into different depths of phase unstable area based on its composition. At low concentrations of PCL in the vicinity of the CP, penetration to a completely unstable spinodal region takes place, leading to a rapid separation of the two phases throughout the sample volume. This behaviour suggests that at low PCL concentrations a fast decay phase and brief turbidity occur, which are only slightly dependent on the filler content. At concentrations above 50% PCL, the depth of penetration into the unstable area of the phase diagram is lower and the system is located in the region between the spinodal and binodal curves, where phase-separation via nucleation and growth (NG) takes place. Development of the separated phase occurs in sepa- rate random domains relatively slowly. The time required for the emergence of an observable phase is extended, and as a result, the conversion detected during the initial phase separation is remarkably high. The decreasing time necessary to achieve phase separation with increasing filler content is in agreement with the observation that nanofillers accelerate epoxy curing. However, nano-sheets of MMT substantially restrict the diffusion of the system components, resulting in lower conversions at the threshold of phase separation, as depicted in the comparison of the phase diagrams in Figure 4 . This behaviour is in agreement with previously published data. When studying the phase behaviour of aqueous solutions of poly(vinylmethyl ether) (PVME), Tanaka observed unexpected morphological changes during phase separation at temperatures above the lower critical solution temperature (LCST) [24] . The resulting structure differed from the bicontinual phase structure with a subsequent phase separation(s) into domains, as described in the classical model of spinodal disintegration (SP) or the nucleation and growth mechanism (NG). Similar morphological changes have been observed in a wide variety of polymer blends, including inversion stages, which cannot be explained simply using the classical SD or NG mechanism [26, 38] . From Figure 5 , it is apparent that the addition of 3% filler to the mixtures containing 15 and 20% PCL led to phase inversion; the continuous PCL structure separated to form a domain structure. This can be explained by the influence of the filler on the effective interaction parameter and reaction rate. Both of these parameters shift the critical temperature (e.g., upper critical solution temperature to higher temperatures and higher concentrations of PCL; LCST to lower temperatures and higher concentrations of PCL). The dynamic spinodal curve shifted in the same direction as the areas of phase inversion. The addition of fillers caused the mixture to shift to this region of the phase diagram earlier than the binary mixture of PCL with epoxy. The addition of nanofillers also affected the viscoelastic behaviour of the epoxy phase, in which they preferentially concentrate. This altered the dynamic asymmetry of the mixture and extended the area of the inverted phases.
Morphology
The images captured using in-situ optical microscopy revealed a change in the morphology of the cured samples upon the addition of the nanoclay. At 15% and 20% PCL content, the addition of 3% clay transformed the original structure, consisting of rough bi-continuous domains, into a structure comprising an epoxy matrix and fine PCL inclusions. The localisation of PCL was confirmed by the observation of PCL spherulites under polarised light. At higher PCL concentrations (over 20%), the original spherical domains of the epoxy were converted to larger, irregular 'islands' as a consequence of the improved continuity of the epoxy and the change in asymmetry induced by the clay. The morphology may have also been affected by the change in reaction kinetics induced by the clay (Figures 1 and 2 ), which can lead to changes in the time interval (between cloud and gel point) available for phase separation [39] . The reduced time available for the development of the phase during curing was also confirmed by chemorheological measurements (Figure 1 ), which revealed a peak in tan ! corresponding to the initiation of phase separation [40] that was closer to the gelation at higher clay concentrations. Furthermore, the T g values demonstrate that, contrary to the increase observed in the neat epoxy nanocomposite, the T g decreased with increasing clay content in the epoxy/ PCL [28] . This behaviour can be attributed to the incomplete phase separation caused by the accelerated curing and reduced diffusion (pinning effect) induced by the clay, which resulted in a higher concentration of 'dissolved' PCL in the epoxy rich phase. Thus, the phase separation freezes at an earlier stage in the presence of the clay. The optical microscopy observations of thin layers of the material were in good agreement with the SEM observations [28] of bulk samples, which displayed phase inversion from a continuous PCL-rich phase with large epoxy globules to an epoxy-rich matrix with fine PCL inclusions with increasing content of clay.
Conclusions
The pseudophase diagrams of dynamically asymmetric PCL/epoxy systems with various clay contents demonstrated the marked ability of oMMT nanoplatelets to influence LCST phase separation behaviour. This is reflected most notably in the shift of the critical point towards higher PCL concentrations. Such behaviour can be attributed to the preferential localisation of the clay in the epoxy-rich phase, which slows its dynamics and results in a significant transformation in the morphology of cured blends at PCL concentrations near and above the critical concentration of the neat blend, including inversion from a PCL-rich matrix with globules of epoxy to an epoxy-rich matrix with fine PCL inclusions. The strong potential of nanofillers to alter the morphology of cured blends with a fixed content of polymeric modifier can be used to tailor the structures of multiphase thermosets.
